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Controllability of lateral drift failures while driving
with SAE Level 2 Advanced Driver Assistance Systems

Norbert Schneider, Lenne Ahrens and Achim Pruksch∗

Abstract: SAE Level 2 systems, which allow the driver to drive hands-off while monitoring

visual attention, raise the question whether the driver is still able to fulfill his allocated respon-

sibility (object and event detection and response). We developed a setup to evaluate the driver’s

ability to detect and respond to silent lateral system failures. The results indicate that an at-

tentive driver can perceive and handle lateral system failures, but a cognitive misattribution of

the systems capabilities might occur even for attentive drivers. This differentiation of causal

factors allows developers to focus on adequate countermeasures to increase safety of SAE Level

2 systems.
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1 Introduction

SAE Level 2 systems, which can continuously take over lateral and longitudinal control
while the driver is still responsible for the dynamic driving task and the supervision
of the function, are becoming more prevalent in series vehicles. This responsibility is
summarized under the term ”object and event detection and response” [1]. Various studies
raise concerns about the ability of the driver to fulfill this responsibility and provide a
fallback in case of system errors, especially when the system is used for an extended
time [2] [3]. A potential cause could be a decrease in driver vigilance associated with the
monotonous monitoring task (see [4]), but additional cognitive and behavioral aspects e.g.,
the development of automation complacency [5] and the potential for misuse in the form
of non-driving related tasks (NDRT) should be considered as well. Currently, the UNECE
R 79 allows only SAE Level 2 systems designed for hands-on use, which include hands-
on monitoring [6]. However, system concepts in the U.S., China and Japan also include
SAE Level 2 systems which allow the driver to take his hands off the steering wheel
(e.g., Cadillac Super Cruise, Ford Blue Cruise, Nissan Pro Pilot). To ensure that the
driver is still fulfilling his responsibility according to the SAE Level 2, a driver monitoring
camera is used, which monitors the driver’s visual attention. From a human factors
perspective, this design decision brings these SAE Level 2 systems closer to a SAE Level
3 system, although the basic requirements towards the driver remain the same as for a
SAE Level 2 hands-on system. However, only a few studies analyzed the driver’s ability
to perceive and compensate silent failures when driving with combined longitudinal and
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lateral control (e.g., [7] [8] [9] [10]). Commonly accepted controllability thresholds for
lateral failures have been derived almost exclusively from manual driving [11]. This raises
the question, whether results can be transferred to systems with continuous lateral and
longitudinal guidance where the driver only has a monitoring task. Most publicly available
studies combining longitudinal and lateral control have been conducted with SAE Level
3 systems in mind. These SAE Level 3 systems are assumed to provide a notification to
the driver in case of a system failure or hazardous situation. However, it is a common
misconception that an SAE Level 3 system will provide a take-over notification in all
cases [12]. Nonetheless, it is assumed to be unfeasible for SAE Level 3 systems to not
provide a notification, especially if they allow the driver to attend to non-driving related
activities. This might also transfer to SAE Level 2 systems which allow the driver to take
his/her hands off the wheel (see [9]). The available literature offers only limited insights
regarding the capabilities of drivers to handle silent system failures, which require action
within a short time-frame, when driving hands-off. This limited focus of human factors
research on take-over scenarios in the automotive domain and its drawbacks have also
been addressed by [13]. Previous studies looking at the controllability of system failures
while driving hands-on can only provide general boundaries for the driver’s capability
to handle system failures even when driving hands-off. However, the results cannot be
directly transferred to hands-free driving because the haptic feedback loop, which allows
for very fast reflex-like counter-reactions, is missing. Internal studies indicate that the
established test method for controllability, which evaluates whether drivers can stay in
a driving lane with limited width, that drivers are not able to control limited failure
dynamics while driving hands-off. Further, explorative studies revealed that this could
be a consequence of the experimental setup, which utilized traffic cones positioned at the
lane boundaries to increase pressure for the driver to act. Therefore, we created a new
experimental setup to analyze the drivers’ ability to handle lateral system failures while
driving with continuous longitudinal and lateral control. The experimental setup allows
lane deviations and lane departures without resulting in an objective fail (in contrast to
the traffic cone setup) and provides a clear and adaptable pressure to act for the driver. In
addition, it can be used with näıve participants at higher vehicle speeds (up to 120 km/h)
to provide a clear pass/fail criterion without compromising safety; a clear improvement
compared to method proposed by [14].

One goal of this study was to assess the viability of the proposed experimental setup.
The other goal was to evaluate whether attentive drivers, driving hands-off with combined
longitudinal and lateral control by a SAE Level 2 system, can handle silent lateral failures
with limited failure dynamics.

2 Methods

2.1 Setup

The study was conducted on the TRIWO test track in Pferdsfeld, Germany. A round
course with a length of 5km was used for the tests, including a straight highway section
with 3 driving lanes and an additional part with two driving lanes and variable speed
limits (Figure 1).

To simulate a SAE Level 2 capable vehicle with hands-free driving abilities, we used
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Figure 1: Round course for testing on the test track in Pferdsfeld.

a functional prototype vehicle from the Robert Bosch GmbH. Basis for this functional
prototype was a VW Golf VII equipped with a DGPS system (iMAR iTraceRT-F402/7),
programmable cluster display, capacitive steering wheel, driver monitoring camera, dual
pedal controls for the safety driver, control switches for the experimenter and data record-
ing equipment. A safety co-driver (passenger seat) and an experimenter (rear seat) ac-
companied the participant.

The prototype SAE Level 2 hands-free system included longitudinal and lateral guid-
ance, intelligent speed adaption for curves and on/off-ramps to the highway section and
automatic lane change capabilities. Longitudinal and lateral control could be activated
simultaneously by pressing a button on the steering wheel. Before transitioning to hands-
free driving, the driver had to drive hands-on for a limited time and was informed about
the availability of the hands-free mode. To activate hands-free driving the driver had to
take his hands off the steering wheel. The system could always be overruled or deacti-
vated by turning the steering wheel (lateral guidance temporarily deactivated), applying
the brake pedal, or press a button on the steering wheel (longitudinal and lateral control
deactivated). All driving modes were displayed via a prototype human machine interface
(HMI) in the programmable cluster display. The prototype HMI included a multi-stage
warning concept (cf. [15]), which visually and acoustically warned the driver after 3
seconds eyes-off road (EOR) time (stage 1), followed by a visual-acoustic warning after
additional 5 seconds, asking the driver to put his hands on the steering wheel (stage 2).
Finally the driver is asked to take over manual control while the vehicle is decelerating,
and visual and acoustic warnings are presented continuously (stage 3).

2.2 Test scenario

The test scenarios were set up on the highway section of the round course and consisted
of 5 obstacles, positioned on left and right side of the driving lane (Figure 2). In both test
scenarios a lateral drift with a defined maximum lateral velocity (0.2 m/s vs. 0.6 m/s)
was triggered at pre-defined GPS positions after the experimenter enabled the failure
activation via the safety control switch. The GPS position for the trigger was chosen
based on the distance to the second obstacle on right side, the lateral drift velocity, the
targeted overlap with the obstacle (25%) and the test speed of 120 km/h. This resulted
in two different GPS trigger positions, depending on the maximum lateral drift velocity
(TTC = 2.8 seconds for a drift velocity of 0.6 m/s and TTC = 5.8 seconds for 0.2 m/s).
The lateral drift was initiated without any further notifications to the driver or changes
in the HMI. In addition, the build-up of the lateral drift did not occur abruptly but was
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build-up gradually to avoid noticeable lateral jerks of the vehicle. In both scenarios a
crash with the objects would occur if the driver did not react e.g., by steering back into
the driving lane.

Figure 2: Schematical illustration of the test scenario setup. The trigger point was adapted
based on lateral drift velocity which resulted in different TTCs.

2.3 Procedure

To conceal the true purpose of the study, participants were told that the test focused on
user acceptance of a novel automation system, which allowed them to drive partially auto-
mated while taking their hands off the steering wheel under special conditions. Before the
testing each participant received written information about the system’s capabilities and
potential system boundaries. This included the explicit information about the necessity
for the driver to take over control of the vehicle e.g., if the system departed from the
current driving lane. Afterwards the participants started with manual drive to familiarize
themselves with the test track and test vehicle. The manual drive was continued until
participants reported that they were familiar with the vehicle and the test track (5-10
minutes). After completing the manual drive, combined longitudinal and lateral control
were activated for the first time but restricted to hands-on driving only. The participants
were asked to explore the system and the experimenter noted their comments. During
this exploration phase, the participants were instructed to try out all options to acti-
vate/deactivate and overrule the system (e.g., pressing the button on the steering wheel,
applying the accelerator, applying the brake pedal, turning the steering wheel). After
a short pause and filling out a questionnaire about the hands-on system, the hands-free
system was activated, and participants were asked again to explore the system. Partici-
pants were instructed to overrule the system including putting the hands on the steering
wheel to adjust the lane position. If participants asked about their responsibility, we
reminded them verbally that they are responsible for the driving task and encouraged to
take over control whenever they wanted. Before activating the GPS trigger and initiating
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the lateral drift towards the obstacle, the experimenter made sure that the participant was
attentive but not in a hyper-vigilant state (e.g., constantly trying to take over the system
without an apparent reason, not taking the hands off the steering wheel on the straight
section of the highway, keeping the hands up and close to the steering wheel). After
the test a semi-structured interview was conducted, and participants filled out additional
questionnaires.

2.4 Sample

In total N=61 (40 male / 21 female) participants between 20 and 72 years of age and
an average annual mileage of 19.778 km took part in the study. Out of the N=61 par-
ticipants only N=54 filled out the demographic questionnaire completely. 26% (N=14)
reported to be experienced with adaptive cruise control (ACC), 30% (N=19) reported to
be experienced with lane keeping assistance and 4% (N=2) reported to be experienced
with assistance systems with combined longitudinal and lateral guidance.

3 Experimental design and data analysis

3.1 Experimental design

The experiment was conducted as a between-subject design with the experimental factor
lateral drift velocity (0.2 m/s vs. 0.6 m/s), meaning that each participant only experienced
one drift scenario (either with 0.2 m/s or with 0.6 m/s). To fulfill the requirements
according to ISO 26262 and the Response Code of Practice regarding required sample
sizes for a controllability assessment of C2, (C2 = 90% of drivers are able to control the
failure) a valid sample size of at least N=20 per experimental group was targeted. In
total, N=61 took part in the study. N=7 cases had to be rated as invalid either due to
the participants having the hands at the steering wheel (N=3) or missing data recordings
(N=4). No crash was observed in any of the invalidated cases. For the analyses N=34
participants were considered with a lateral drift velocity of 0.6 m/s and N=20 with a
lateral drift velocity of 0.2 m/s.

3.2 Data analysis

Data analysis was based on the number of passed/failed test cases. In addition, vehicle
dynamic parameters, video recordings of the driver, lane position and distance to the tar-
gets and questionnaire and interview data were considered for descriptive and exploratory
analysis. Perception time and hands-on time were estimated based on video labeling; the
steering reaction time was estimated on the first increase of steering torque after the
failure was triggered. Time to collision (TTC) to the obstacle and time to lane crossing
(TLC) were estimated based on the vehicle dynamics parameters and the GPS position
of the vehicle, the lane markings, and the target.
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4 Results

Four participants failed to control the situation. Three with a drift velocity of 0.6 m/s
and one with a drift velocity of 0.2 m/s. All other participants (N=50) were able to avoid
a collision with the target and control the vehicle safely after the evasive maneuver.

4.1 Driver behavior in failed cases

A detailed video analysis revealed the same behavioral pattern in all failed cases (see
Figure 3). At first, the participants moved their hands close to the steering wheel (Figure
3, middle), indicating that they perceived the lateral drift and considered taking over the
control of the vehicle. This initial reaction was followed by putting the hands down again
(Figure 3, right).

Figure 3: Sequence of driver reactions in the cases with observed collisions. Approaching
obstacle with hands on lap (left), hands close to steering wheel (middle), hands put down
shortly before collision (right).

4.2 Reaction and perception time

The pattern observed in the failed cases is also reflected in the perception time (see Figure
4). Based on the video labeling, every participant perceived the lateral failure before the
crash (range between 1,05 and 1,59 s for a drift velocity of 0.6 m/s and up to 4.16 s for a
drift velocity of 0.2 m/s). Although participants showed a steering reaction at a different
time to collision (TTC) depending on the drift velocity, the steering reaction occurred at
a similar time to lane crossing (TLC). However, not all participants responeded before
departing from the lane. In some cases departing from the lane was observed although no
collision occured with the target (see Figure 5). In addition, the semi-structured interview
revealed the following exemplary responses from the participants to the question why they
did not take over control in the situation:1

• ”I trusted the vehicle and hoped, that it would react.” (crashed participant 1)

• ”I expected the system to intervene.”(crashed participant 2)

• ”The system did not tell me to take over.” (crashed participant 3)

1similar responses have been reported by [16]
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• ”I perceived the system to be autonomous, because I could drive without any input.”
(crashed participant 4).

(a) Drift velocity 0.6 m/s (b) Drift velocity 0.2 m/s

Figure 4: Steering reaction time, perception time and hands-on time (top) and TTC at
failure onset as well as TTC and TLC at the time of the steering reaction (bottom) for
both test cases.

(a) Drift velocity 0.6 m/s (b) Drift velocity 0.6 m/s

Figure 5: Lateral position of the right corner of the car for all test-cases. Red lines indicate
cases in which the vehicle crossed the lane boundary.
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5 Summary and discussion

The main goal of this study was to evaluate whether an attentive driver (who is using the
SAE Level 2 system with hands-free driving capabilities according to the driver manual)
can perceive lateral drift failures and avoid a collision without losing control of the vehicle.
The study was conducted on a closed test track with the help of a prototype vehicle and a
SAE Level 2 hands-free system with a gaze-based driver monitoring system and a staged
warning design.

The results indicate that all participants were able to perceive the lateral drift failure
(irrespective of its dynamics) in time and even before departing from the driving lane.
However, four participants did not intervene which led to a collision. The observed be-
havior as well the verbal responses of participants indicate that this behavioral pattern is
mainly a result of an overtrust in the system’s capabilities, despite explicit information
that they are required to take over control in cases where the vehicle is departing from the
lane. Interestingly, the participants reacted at a comparable time to lane crossing (TLC)
irrespective of the intial drift velocity. This could indicate that the TLC is a relevant
cue for participants to intervene although not all participants, which avoided a collision,
stayed within the lane boundaries. This strengthens our inital assumption that departing
from the lane does not necessarily indicate that drivers cannot react adequately. However,
this also indicates that a reaction might only occur if an imminent hazard is perceived
by the driver. Although this finding seems to be trivial it highlights the necessity to
ensure an adequate situational awareness of the driver when driving with an SAE Level
2 hands-free system.

Based on these results, we conclude that the problem is not the driver’s ability to
handle limited lateral failure dynamics when driving hands-free but rather a cognitive
misattribution of the systems capability which is build up by experience of the system
and user expectations. This phenomenon has been described before as ”automation ex-
pectation mismatch” [17], ”mode confusion” or ”automation complacency” [5] and several
causal factors are discussed in the literature (e.g., perceived system performance or the
out-of-the-loop concept [18]). Although the solution to this problem might not be trivial,
being able to differentiate between ”driver ability” and ”cognitive misattribution” is im-
portant for the safety evaluation of SAE Level 2 hands-free systems. The driver’s ability
to handle system failures is an integral part of the functional safety evaluation of driver
assistance system (e.g., for the assessment of controllability). If a failure is rated to be
uncontrollable, one possible solution is to limit the failure dynamics. Our study clearly
indicates that limiting the failure dynamics of a lateral drift does not solve the problem
(that drivers will depart from the lane in case of lateral failure or even collide with an
obstacle in the neighboring lane). However, it also demonstrates that attentive drivers
can perceive and compensate lateral failures with limited dynamics. Therefore, we as-
sume that the analyzed lateral failures are controllable for at least 90% of the population
(corresponding to a controllability level of C2) if the driver is visually attentive and has
adequate situational awareness. Nonetheless, the shown cognitive misattribution of the
system’s capabilities must be addressed. This problem is covered in the ISO 21448 [19]
and could be attributed to the aspect foreseeable misuse. Due to this differentiation, it
is possible to focus on adequate counter measures e.g., better driver training and infor-
mation about the system’s capabilities [20], and the driver’s responsibilities when driving
with a hands-free system.
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It has yet to be clarified whether the same behavior would have been observed out-
side of this experimental context. Although similar results can be observed in test track
studies [9] [10] [21] [17] as well as simulator studies [8] the question remains: Would the
participants have behaved differently on-road? Due to the safety constraints, a trade-off
between a realistic hazard scenario and the safety of the participants had to be accepted
for the experimental setup. Naturalistic driving studies and field observations with al-
ready available SAE Level 2 hands-free capable vehicles could provide further information
regarding whether or not drivers show similar behavioral patterns on the road.
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